Chapter One: Introduction
Polyhydroxyalkanoic acids (PHA) are plastics with properties similar to polypropylene, but are biodegradable and nontoxic. PHA synthases are anabolic enzymes that catalyze the conversion of hydroxyalkanoic acids (HA) into PHA ( Figure   1 ). The substrate can either be short chain length (SCL) with 3-5 carbon atoms, or medium chain length (MCL) with 6-14 carbons atoms, or a mixture of both (hybrid).
Bacteria use PHA synthase to make storage polyesters when carbon sources are plentiful, but other nutrients, like nitrogen or phosphorus, are limited (35) . Although the genes for PHA synthase have been isolated from a wide variety of bacteria, large-scale production of PHA is not yet practical (reviewed in 1, 42, 48) . The gene encoding PHA synthase is known as phaC. There are three major categories of PHA synthase are based on phaC gene structure and substrate specificity ( Figure 2 ). Types I and II are both single proteins encoded by phaC genes that are similar in size but distinct in nucleotide sequence. Type III consists of two subunits: one encoded by a third type of phaC, and the other encoded by phaE (42) . (42) . This figure shows the genes needed to produce a functional enzyme, the preferred substrates of the enzyme, and the representative organisms containing these genes.
The substrates for PHA synthase can be produced by a PHA-specific NADH-dependent acetoacetyl-CoA reductase or they may be produced by other metabolic pathways, such as the fatty acid synthesis and beta-oxidation pathways (28, 29, 32, 40, 43) as seen in Figure 3 . In some cases, additional PHA-specific enzymes, such as the transacylase encoded by phaG (9) and the hydratase encoded by phaJ (32, 46) , may be used to convert intermediates into substrates for PHA synthase. Therefore, the composition of the PHA polymer depends upon both the substrate specificity of the PHA synthase as well as the availability of substrates in the cell. Type I PHA Synthase Type I PHA synthases are encoded by the gene phaC and preferentially incorporate SCL hydroxyalkanoates into PHA. This enzyme is found in many bacteria and several attempts have been made to optimize PHA expression in heterologous host strains like Escherichia coli and Klebsiella aerogenes (6, 7, 13, 19, 20, 21, 44) .
Molecular studies of PHA synthase from Ralstonia eutropha (formerly Alcaligenes eutrophus) have provided the foundation for all other studies concerning the molecular composition of type I PHA synthases (reviewed in 1, 42, 48) . At least three pha genes are needed for the production of one of the most common forms of PHA, poly (3- hydroxybutyric acid), in E. coli. The phaA gene encodes a 3-keto-thiolase that combines two acetyl-CoA molecules into acetoacetyl CoA. The phaB gene encodes a NADHdependent acetoacetyl-CoA reductase that converts acetoacetyl-CoA into D-3-hydroxybutyryl-CoA, which is the substrate for PHA synthase. As mentioned previously, other metabolic pathways could provide the substrates for PHA synthase. Several studies have shown that the amount of PHA and its composition vary between organisms, even if they contained the same phaC gene (7, 44) . In these studies, cloned phaC genes carried on plasmids were placed into heterologous hosts that do not normally accumulate PHA (E. coli, for example) or that have mutations in their existing phaC genes. Since the substrate specificity of the PHA synthase remains the same, these differences could be attributed to either differences in copy number or to differences in the metabolic "background" of the cells containing the cloned PHA synthase genes. In almost every case, the predominant monomers in PHA were four or five carbons in length.
A mutational analysis of the PHA synthase from Aeromonas caviae revealed that while the first 100 amino-acid residues had little effect on PHA accumulation, mutations within highly conserved regions severely reduced PHA accumulation indicating the possible location of an active site (16 (25, 26, 31, 36) . It is common for these organisms to have more than one phaC gene contained in the same operon (39, 42) .
Several experiments revealed the nature of the alpha/beta hydrolase fold found in PHA synthase. The alpha/beta hydrolase fold is a structure of eight beta sheets connected by alpha helices that is common to a large group of related enzymes (27) . Mutational analyses revealed that this structure is crucial for substrate binding (36, 39, 40) .
The length of phaC is considerably shorter in type III PHA synthases than the other types, and the functional enzyme requires a second gene product, encoded by phaE.
Type III PHA synthase has been intensively investigated in a wide variety of organisms and recent studies have examined the PHA synthase from phototrophic bacteria,
including Synechocystis (12, 15) , Chlorogleocapsis fritschii (12) , and Ectothiorhodospira shaposhnikovii (47) . In Synechocystis, both phaC and phaE must be expressed for PHA synthesis, but the proteins could not be found on the granule surface, unlike the situation with other organisms as seen in Figure 4 . When Ectothiorhodospira shaposhnikovii was grown on nitrogen-limiting medium, cell growth continued in the presence of light but leveled off in the dark, while PHA accumulation was minimal in the light but dramatically increased in the dark, as did the activity of PHA synthase. When testing in vitro reaction rates, 1.5 M NaCl was found to decrease the lag time significantly. Size exclusion chromatography revealed that at low salinity (0-0.125 M NaCl), two PHA synthase complexes (473 kDa and 151 kDa respectively) were detected. 
PHA Granule Proteins
In addition to proteins that help to produce substrates for PHA synthase, other proteins help to regulate PHA synthase expression. PHA is accumulated in cellular inclusions called granules (48) . In these granules, a single phospholipid layer containing several proteins surrounds the PHA. These membrane proteins include PHA synthases, PHA depolymerases, and phasins to stabilize the granules ( Figure 4 ). Additional other low molecular weight proteins are found on the surface (22, 30, 31) . Altering the pathways of PHA synthesis alters the size and appearance of the granules, as does altering phasin genes. The phaP gene encodes a phasin; in Aeromonas hydrophila, the phaP gene is located upstream from phaC. Cells overexpressing phaP accumulated the same amount of PHA as wild-type cells, but the granules were smaller and more numerous ( Figure 5 ).
Real-time quantitative PCR using recombinant strains showed that the amount of phaC 53-kDa, suggesting a tetramer of four 15-kDa GA14 subunits. Western blotting analysis with rabbit antibodies to the GA14 protein showed that it was expressed in large amounts (45%) in normal cells able to make PHA synthase and low levels (4-21%) in mutants unable to make PHA synthase (30) . The function of this protein is not yet known.
PhaF is a granule-associated protein that regulates PHA accumulation in
Pseudomonas oleovarans
Gpo1. This protein appears to repress phaC1 gene expression when nitrogen is not limiting and it also appears to regulate the expression of another granule-associated protein encoded by phaI. The PhaF protein and PhaI share 58.6%
identity. In addition to its regulatory functions, it is believed that PhaF and PhaI help to form granules as shown in Figure 6 (31). It is unknown if phaI regulates either of the PHA synthase genes found in this organism. 
Previous Findings
The focus of this study is a bioluminescent bacterium that was isolated from the coastline of Virginia. A fatty acid profile analysis revealed that this organism shows the greatest homology with Vibrio parahaemolyticus, while a DNA-based identification
showed that this organism aligns most closely with Vibrio alginolyticus ( Figure 7 ). This organism, isolated from Buckroe Beach, has been designated as Vibrio species B-18.
B-18 accumulates PHA composed of 3-hydroxybutyrate, 3-hydroxyhexanoate, and 3-hydroxyvalerate as seen in Table 1 (18) . As such, this organism may contain a PHA synthase that is unique from the other four types. Cells were grown at 30°C, 2 days in minimal media supplemented with 0.1% nutrient broth, the appropriate antibiotic, and the carbon source listed above prior to centrifugation and lyophilization. PHA was isolated by methanolysis and the quantity and the composition of the PHA polymer was determined by gas chromatography as described previously (19, 38) . Each number represents the average of at least two experiments. Trace levels are defined as 0.3% or less. Initials: HB, 3-hydroxybutyrate; HV, 3-hydroxyvalerate; HC, 3-hydroxyhexanoate.
Previous molecular genetic studies of the B-18 genome revealed an operon containing putative phaA and phaC genes. A 5-kb BamHI fragment showed homology to both phaA and phaC genes and was cloned into a plasmid. A restriction map shows the relative location of phaC as determined by a Southern blot analysis as seen in Figure 8 (18). The goal of this project is to complete the sequence of the entire BamHI fragment in the hope of identifying open reading frames that could code for genes involved in PHA accumulation in this organism.
Chapter 2: Materials and Methods
Enzymatic manipulation of DNA. Restriction endonucleases and all other DNA modification enzymes were purchased from commercial sources (New England Biolabs) and all manipulations were performed using standard techniques (2) and manufacturer's recommendations. The details of the procedures are described below.
Plasmid Construction. The table below lists the plasmids used in this study. Both pPMSK4 and pPMSK4.6 were constructed prior to this study (18) and were used to create all of the plasmids in this study. Plasmid pPMSK4 contains the entire 5.
3-kb
BamHI genomic fragment from B-18 cloned into pBluescriptSKII+ (Stratagene; La Jolla, CA) in the opposite orientation from that shown in the restriction map of Figure 8 . This plasmid was digested with BamHI and SalI to create pPMSK4.6, which contains approximately 2.4-kb of the original insert that was not subjected to the DNA analysis shown in Figure 9 . Subclones BR1, BR3, BR4, BR6, BR7, and BR9 were constructed by digesting either pPMSK4 or pPMSK4.6 with the appropriate restriction enzyme overnight at 37 °C.
The resulting DNA fragments were separated by electrophoresis as described below.
Fragments containing both vector DNA and a smaller piece of the cloned fragment were excised from the gels using the Qiaquick Gel Extraction Kit (Qiagen Corp.; Valencia, CA) and were recircularized using T4 DNA ligase at room temperature (approximately 25°C). In every case, the fragment contained sufficient vector DNA for replication in E.
coli.
Subclones BR10 and BR11 were constructed by digesting pPMSK4 with either
XbaI or EcoRI, respectively. After overnight digestion at 37°C, the fragments were separated by electrophoresis and the desired fragments were gel-purified as described above. The vector, pBluescriptSKII+, was digested with either XbaI or EcoRI and treated with calf intestine alkaline phosphatase to maintain the DNA in a linear state. The 4.7-kb XbaI fragment and the 1.5-kb EcoRI fragment, both of which were devoid of vector DNA, were ligated to the appropriate linear vector to create these subclones.
Agarose gel electrophoresis. DNA fragments were separated according to size by electrophoresis in 1% agarose-TAE gels that were run at 90 volts. Molecular weight markers were included to estimate fragment size. The gels were stained with ethidium bromide and the DNA fragments were visualized with an UV-transilluminator and photographed using 667 black and white Polaroid film.
Electroporation. During this study, it was discovered that the ingredients found in a typical ligation reaction greatly reduce the electroporation efficiency. To remedy this situation, it was necessary to passage the ligation mixture over the spin-columns found within the Qiaquick Gel Extraction Kit. Steps 6 through 13 of the gel extraction protocol were followed. Electrocompetent E. coli XL1-Blue (Stratagene) were prepared as described (11) . Aliquots of 150 µl were electroporated with the filtered ligation mixtures using 0.2 cm gap cuvettes and a MicroPulser electroporator (BioRad; Hercules, CA).
After electroporation, the cells were incubated at 37°C for 45 minutes and plated on Luria-Bertani media containing 20 µg/ml X-Gal, 1 mM IPTG, 100 µg/ml ampicillin and 10 µg/ml tetracycline. These plates were then incubated overnight at 37 °C.
Screening clones. The cells that incorporated the plasmid became resistant to the antibiotics and formed colonies on the plates. Cells containing plasmids with insert DNA that disrupts the β-galactosidase gene (lacZ) on the plasmid are unable to utilize the lactose analog, X-Gal, and remain white on this medium. Cells that contain plasmids without any inserts have an intact lacZ gene and utilize X-Gal to form blue colonies.
Bacteria from white colonies were cultured in tubes of Luria-Bertani broth containing the appropriate antibiotics at 37 °C. Plasmid DNA was purified from these cultures using the alkaline lysis procedure (2) and the pellets were resuspended in a final volume of 100 µl.
To screen the clones, the purified DNA was digested with the appropriate restriction enzyme and subjected to agarose electrophoresis as described above. Fresh cultures of cells containing the desired plasmids were prepared in order to make freezer stocks, which were stored at minus 80°C.
DNA sequence analyses. Fresh cultures of cells containing the clones of interest
were grown in Luria-Bertani broth containing the appropriate antibiotics at 37°C
overnight. The plasmids were purified using the Qiafilter Plasmid Midi kit (Qiagen Corporation). Both the concentration and the purity of the plasmid DNA were determined by spectrophotometry at 260 and 280 nm. The purified DNA was then ethanol precipitated. The resulting pellets were dried and sent to a commercial laboratory for DNA sequencing (MWG Biotech; High Point, NC). In all cases, the DNA sequencing reactions were performed using the T3 and T7 primer sites found on pBluescriptSKII+. The data was returned as a text file containing the DNA sequence and as the raw sequence data presented graphically as colored peaks (electropherograms or
ABI files).
MacDNAsis was used to analyze the sequence data in the following manner.
First, the DNA sequence was examined and any vector sequences were removed. DNA sequences from plasmids that were sequenced from both ends of the insert were first examined for overlapping sequences and any discrepancies were resolved by examining the ABI files. The data was combined to generate a consensus sequence for that plasmid.
The consensus sequences from several plasmids were then compared to look for overlapping sequences and any discrepancies were resolved in a similar manner. The overlapping sequences were combined to create an overall consensus sequence for the entire fragment. This sequence was then examined using MacDNAsis for the presence of 
Chapter 3: Results
Samples of each subclone were digested with the appropriate restriction enzyme to confirm that they contained inserts of the correct size, while the plasmids pPMSK4 and pPMSK4.6 were digested with SacII (Table 2 ). Gel electrophoresis confirmed that all the important fragments were present ( Figure 10 ). A BLAST search of the gene products encoded by orf4, orf5, and orf6, revealed that all three proteins align most closely with enzymes involved in nitrate reduction (like Nap or Nar as shown in Figure 21) , not PHA synthesis. The gene products from four different organisms showing the strongest homology to the orf4-6 gene products were selected for further study. In every case, the four strongest homologs were found in the same four Vibrio species (5, 14, 23, 34) . Additionally, the identity of all of these homologs was determined via DNA sequence analyses of genomic DNA. Therefore, an additional protein identified through enzyme assays and other empirical studies was Shine-Dalgarno sequences were found upstream from the hypothetical start codons (methionine codons) for both orf5 and orf6. (5). 
Chapter 4: Discussion
The putative gene products of phaC, orf4, orf5, and orf6 all most closely aligned in the same four Vibrio species, based on the BLAST data. Not only did the putative gene products match closely in amino acid sequence (shown Figures 14-19 ), these genes were of similar lengths and orientations as seen in Table 3 and Figure 20 . The alignments of the four sequences were similar as well. The most significant difference was the gap between phaC and orf6, which was substantially longer in Vibrio vulnificus (12,600 bp) and Vibrio cholerae (9,740 bp) and possibly contains enough space for additional genes. Vibrio cholerae (14) orf6 676093 676665
Once sequenced, the BamHI fragment revealed three open reading frames running in the complementary direction to phaC (Figure 20) . Based on the BLAST search results, orf4 most closely matched napA, orf5 with napB, and orf6 with napC. In addition the greatest homology in these sequences was found in organisms in the same genus, Vibrio.
This suggests a common evolutionary history between them. 
Conclusion and Future Directions
There is the possibility that the nap locus is involved in processing intermediates in the nitrogen cycle, which in turn can affect the biosynthesis of PHA synthase, so these putative genes downstream of phaC may be indirectly involved in the regulation of PHA synthase expression and activity. Studies that explore the expression of phaC in the presence or absence of nitrate and nitrite could be helpful in discerning their roles.
Another approach would involve creating mutations in the nap locus to compare the expression of phaC with and without the nap genes.
The identity of the open reading frames will only be confirmed by transcriptional and translational studies, but given the strong homology with previously discovered sequences in closely related organisms provides strong evidence for their putative identity. Since none of the three closest matches for sequence homology have had their identity determined empirically, a comparison with a more distant match was necessary for each open reading frame in this analysis. A logical next step involves expression studies to ascertain the true identity and role of these genes.
In conclusion, while these new sequenced open reading frames are not directly involved in the synthesis of PHA synthase, they may have a strong indirect role in the expression of this gene.
